The observation of clayey matrix on a thin-section under polarized transmitted light allows the analysis of the clay particle arrangements, the measurement of their orientations in 3-D, and finally the cartography of the different orientation modes by using a simple image analysis system connected to the optical microscope. The method is based on: (1) the analysis of the shape evolution of the grey-level diagram vs. the rotating stage angles; and (2) the mathematical decomposition of these grey-level diagrams into elementary gaussian curves. For each identified orientation mode, the standard deviation of the grey values gives the dispersion index of the oriented particles around the axial plane. The 3-D representation is performed on the Wulff stereonet. The horizontal orientations are measured by simple rotation of the revolving stage and the dip angles are deduced from the peak displacements along the abscissa of the grey-level diagram during the complete rotation of the revolving stage. The quantifications (percentage, isotropy and distribution index) are performed after a thresholding operation of each orientation mode.
The organization in three dimensions of clay particles in natural or man-made clayey materials is a dominant parameter influencing their mechanical, porosity, and permeability properties (Foster & De, 1971; Arch & Maltman, 1990; Luo et al., 1992; Schneider et al., 1994) . In order to explain the relationships between clay textures and permeability or retention capacities, it is necessary to quantify the crystal]ite organization in the clay matrix. Although qualitative descriptions of the clay matrix are commonly reported (Morgenstern & Tchalenko, 1967; Foster & De, 1971) , attempts at quantitative descriptions are more complicated (Bai et al., 1994) . The analysis of soil mechanics requires three observation scales: (1) naked eye observation of the whole test-piece which allows the main fissures and shears induced by the geotechnic tests to be located; (2) optical microscopic observation which allows the whole arrangement of clay particles related to the shear planes to be specified; and (3) scanning electron microscopy (SEM) observation which allows the measurement of the orientation directions of selected clay particles along the shear discontinuity and associated fissures or kink band boundary shear planes (Sloane & Kell, 1966; Gillot, 1969; McKyes & Yong, 1971; Foster & De, 1971; Gmmberger et al., 1994) .
The limits of the SEM observation are the qualitative aspect of the particle arrangement analysis. The analysis of the SEM image of an homogeneous mineralogical matrix is limited by the lack of contrast. The back-scattered electron images do not give significant grey-level differences. Consequently, the quantitative measurement of the particle orientations is partial and limited to selected disseminated particles in microsites in the observation plane. The optic microscopic analysis is an intermediate scale observation which is actually insufficiently developed. There are difficulties with clay matrix descriptions using the polarizing microscope because of their cryptocrystalline texture (particle size <2 ~m). It is unrealistic to try to characterize each microcrystal; statistical observations have to be used to quantify some parameters.
q:) 1998 The Mineralogical Society This paper proposes a method for the measurement and the quantification of the clay mineral orientations in a clay matrix observed on thinsections under an optical microscope. It is an image analysis method based on the study of the greylevel patterns (256 grey levels) of digitized images. Firstly, the evolution of the grey-level diagrams is explained by the observation of a monocrystalline example and of a bimodal example, which are a quartz crystal and a twinned plagioclase crystal, respectively. Secondly, the method uses a mathematical decomposition of the grey-level diagram obtained on two bimodal clay matrices. This method is not restricted to the calculation of an anisotropy index but allows: (1) the measurements of the different clay mineral orientations in the three directions; (2) the quantification (%) of the different clay orientation modes; and (3) their location and area thresholding in the analysed thin-sections. The measurements were carried out using crossed-polarized light and the revolving stage of a conventional polarizing microscope, without complementary optical material except for the CCD camera and the associated image analysis software.
METHODS
The measurements on the clay matrix were carried out on thin-sections (2 x 4 cm) of sheared kaolinite test-pieces after impregnation by resin. The kaolin is an 'OSI purified kaolin' whose dominant fraction is made up of 5-30 lam size particles and which contains a few 50-80 lam size mica particles. The kaolinite pieces were obtained as follows: kaolinite mud sedimentation (water percent = 140%) in cylindrical mould (10 cm diameter); pieces cut parallel or perpendicular to the sedimentation plane; and compressive strain under isotropic (consolidation in triaxial cell) or deviatoric stress (shearing in triaxial cell). In order to prevent mechanical disturbance and creation of fissures during drying, the kaolinite pieces were impregnated with a polyester resin following the successive steps: acetone water exchange using a peristaltic pump and zeolite filter for trapping the water; acetone/resin saturation by capillary ascent under 10 -2 tort void; and air dry and ambient temperature polymerization.
After the resin induration, the cut faces may be reimpregnated up to 1-2 mm to prevent tearing during the polishing stages.
The two-clay matrix examples presented in this work have been observed in a thin-section cut perpendicular to a shear plane in a kaolinite test piece. Observations with the optical microscope were made under polarized transmitted light. The images were digitized and recorded in a Macintosh @ quadra 650-20-170 Mo computer, using a CCD camera connected to a numerization card. The computer was connected to two monitors. The first one was used to enhance the focusing of the camera, and the second for digitization and measurements. The digitized surfaces on the 768x512 pixel screen are 2.67, 0.67 and 0.11 mm 2 for the (2x, 4x and 10x) objective lenses of the Olympus @ BH2 microscope, respectively. In these conditions the smallest pixel equivalent size decreases to 0.66 gm. The possible use of 50 x objective gives an equivalent size of the pixel of 0.13 Hm. The image analysis software is Optilab connected to the Neotech ~t) numerization card. The grey-level diagrams (0 to 255) were decomposed using the DECOMP 5 software (Lanson & Besson, 1992; Lanson, 1993) .
The unit-cell of the kaolinite is monoclinic with a = 5.15 A, b = 8.95 A, c = 7.39 ,~ and the ~x angle = 1 ~ to 3.5 ~ (Deer et al. 1966; Fig. la) . The refractive indexes are ~ = 1.553-1.565, 13 = 1.559-1.569, 7 = 1.560-1.570. The low birefringence (Ng-Np = 0.006-0.007) gives a first-order grey polarization colour. The optic axial plane is perpendicular to the (010) plane with a 2V angle of 24-50 ~ . The extinction is almost perfect when the section is parallel to the (00l) plane. When the section is perpendicular to the (001) plane the maximum extinction angle is Nm A a = 2-4 ~ (Roubault, 1963) . The grey-level diagrams represent the distribution of the 256 grey levels associated with the 393,216 pixels which compose each digitized image (768x512). The thin-sections were observed under polarized light, and in these conditions the shape of the grey-level diagrams evolves following the stage rotation. Whatever the rotation angle and the associated distribution of grey levels, the total area of the diagram is equal to 393,216 pixels. The distribution of the different 'orientation' modes of the grey levels and their surface percentages allow the absolute quantities of the differently oriented clay 'families' identified on the observation field to be measured. Each clay 'family' can be isolated and outlined by a simple thresholding operation of a selected mode (selected peak) on the grey-level diagram.
In the case of a monoerystal or a monodirectional clay matrix, the extinction is monodirectional for the whole image. The grey-level diagram is limited to a high and sharp peak which shifts along the 0 to 255 abscissa following the stage rotation (Fig. lb,c,d ). The orientation of the optic axis of the mineral vs. the thin-section plane is deduced from the length of the peak displacement (d) along the abscissa. The total (0 to 255) abscissa is swept when the section is subparallel to the optic axis (Fig. ld) . The peak remains in the 0-30 dark greylevel range when the section is subperpendicular to the optic axis (Fig. lb) . A dip angle ct between the 001 plane and the axis perpendicular to the thinsection surface restricts the peak displacement from the dark level (0) to the grey level (d) equal to 255 x cos ~ (Fig. lc) The shape of the peak, i.e. intensity and width, is a function of the dispersion of particles around the medium orientation axis. According to the constant 393,216 pixel area of the peak, the standard deviation characterizes the population homogeneity around the medium orientation axis.
The perfectly isotropic matrix is the case of a random distribution of the clay particles in the three directions without any evidence of particular orientation. In these theoretical conditions, the grey-level diagram is identical in all the successive positions of the revolving stage (Fig. le) . The grey levels are uniformly distributed along the 0-255 abscissa. As the total area of the diagram is 393,216 pixels, the average intensity of the diagram is 1,536 (393,216/256).
RESULTS

Perfect anisotropy; quartz monocrystal example
The example of a quartz monocrystal digitized in successive revolving stage positions shows the peak displacement along the abscissa following the progressive extinction of the mineral (Fig. 2a,b ,c). The shape of the peak evolves following the rotation. The sharpest peaks are obtained for the whole illumination and whole extinction respectively, centred on the grey level 230 and 45; the intensity is ~25,000 pixels for a standard deviation of 1 pixel (average grey level of 45). The weakest peak is located around the average value of 130 (middle of the abscissa) with an intensity of 15,000 pixels and a standard deviation of 11 pixels. This matrix orientations 631 high standard deviation characterizes the apparent heterogeneity (fluid inclusions, microcracks, microstrains, undulose extinction) of the analysed quartz (Fig. 2a) . The peak intensity variation (AI') associated with the peak displacement along the abscissa is also a simple and good indicator of the heterogeneity of the crystal in the general cases of symmetrical peaks; the 11 pixel standard deviation calculated at the 15,000 pixels minimum intensity may be associated with an intensity decrease (AI') of 40% for the analysed quartz peak. This fact shows that the defaults or heterogeneity are easier to reveal around the middle of the abscissa, in the medium grey zone.
Double anisotropy: example of twinned plagioclase
A twinned plagioclase gives two directions of extinction, and the whole digitized image is equivalent to the digitization of two parallel and perfectly joined anisotropic minerals. Each of these anisotropie minerals (or twin member) gives one peak as defined above for only one monocrystal. The images of the plagioclase are digitized for successive rotation angles in order to study the grey-level diagram resulting from the interference between the two peaks when they simultaneously sweep the 0-255 abscissa. During the step-by-step rotation of the thin-section, the associated greylevel diagrams show ( Fig. 3 ): only one visible peak located in the black grey region (0-30); two clearly separated peaks in the median zone; and only one visible peak located in the white region (160-200). The displacement of the two peaks occurs in the same direction, their intensity accumulates in the extinction and illumination zones. They are separated in the median grey. In the example presented, the limitation of the illuminated zone around the 200 grey level indicates a dip angle between the 010 plane and the axis perpendicular to the thin-section of 38 ~ according to 200 = 255xcos ~ for the observed plagioclase The intensity I' of the light which reaches the camera through the crystal of birefringence ~ and through the upper polarizer is: 1' = I sin 2 27 x sin2(n~/)Q where 1 is the primitive intensity of the light, L the wavelength of the light, and 7 the rotation angle of the revolving stage. In the case of a monocrystal, 1' is the medium grey level of the peak which moves (7): (a) polarized view of the quartz crystal, the stage rotation angle 3' -10 ~ from the complete extinction; (b) the stage rotation angle 3' = 30~ (e) simultaneous displacement and shape evolution of the peak following the stage rotation angles y -0", 5 ~ 10 ~ 20 ~ and 30 ~ along the abscissa as a function of sin 2 2y. Thus, intensity and location of a peak can be calculated for each rotation angle of the thin-section. In fact, some differences appear between the measured and calculated location of the peak. As I' is a function of I sin: 27, the peaks are symmetric curves whose location varies from 0 to 255. Measured curves are dissymmetric peaks which move quickly towards the black grey levels and, slowly towards the white illumination zone (Fig. 4) . In these conditions a rotation of the revolving stage of 5 ~ is sufficient to fit the extinction angle of the mineral whereas the illumination state remains in a large angular zone of -20 ~ The apparent dissymmetry between the total extinction and illumination zones for a mineral are due to the correction limits of the light intensity by the optic cell of the camera in the very low intensity values (<5 lux). In fact, the deformation of the resulting curve compared to the theoretical one (from sin 2 2y type to Ax+Bx2+Cx 3 type) is useful since: (1) it allows an accurate measure of the extinction angle of the mineral when shifting to the black grey levels; and (2) it helps to perform the thresholding around the extinction zone.
'Double' anisotropy: any two orientation directions
The twinned plagioclase shows the evolution shape of the grey-level diagram which is character- istic of the assemblage of two crystallite families oriented perpendicularly. In this case there is simultaneous extinction and illumination of the two perpendicularly oriented families, respectively, in the 30 and 220 grey zones. The opposite case is a 45 ~ angle between the two orientation directions. In this condition the extinction and illumination of the two differently oriented crystals are reversed. The two peaks of the simultaneous extinction and illumination are clearly separated and located at each extremity of the diagram and the peak displacements are reversed along the abscissa (Fig. 5a ). The two peaks are superimposed in the medium zone of the abscissa. In the intermediate cases, the superimposition zone of the two peaks shifts to the extremity of the diagram (Fig. 5b,c) . The abscissa of this superimposition zone is a function of the angle made by the two orientation directions. In the case of a small angle, the discrimination of each peak needs the mathematical decomposition of the grey-level diagram. Two different dip angles c~ and ~ induce two different peak displacements dl and d2 on the matrix orientations 635 grey-level diagrams which characterize each orientation mode.
Anisotropy: an example of clayey matrix
Considering a bimodal repartition of the particles in a clayey matrix, three types of arrangement can be found: one family of parallel particles disseminated or grouped in a 3-D isotropic clayey matrix background; two particle families of clearly differentiated orientations constituting the matrix; and two families of subparallel particles. The first assemblage of one oriented family in a 3-D isotropic background clay matrix is easily identified by the displacement of only one peak superimposed on the 'isotropic' background (superimposition of the diagrams from Fig. lc and Fig. le with a whole area of 393,220 pixels). The evolutive shape is a function of the orientation particle dispersion around the orientation plane. The characteristics (disseminated or grouped) of the oriented particle arrangement are measured after a thresholding operation. The two boundary grey levels used to threshold the mode areas are defined as the minimum and maximum values of the identified peak basis on the grey-level diagram.
The matrix, comprising two clearly differently oriented particle modes, gives two peaks which evolve along the abscissa in the intensity/rotation angle diagrams. The peak displacement follows the same trend as the twinned plagioclase (Fig. 6a,b,c) . The two peaks are superimposed in the white and black grey zones because of the small angle between the two directions of orientation and simultaneous illumination and extinction. The dip angle and the dispersion of each particle family are measured from the peak shape study and from the length of peak displacement (d) along the abscissa as defined above (Fig. lc) . The assembly of the two subparallel families shows only one moving peak on the grey diagram. In this case the peak is dissymmetric either in the black or in the white zones of simultaneous illumination and extinction. The identification of the two different families requires a mathematical decomposition into elementary gaussian curves (Fig. 7a,b,c) .
Cartography and quantification
The decomposition of the grey-level diagrams was used to measure the different distribution modes of the particles, and to fit the thresholding zone around the discriminated peaks. The thresholding operation isolates the different distribution modes in the studied area. It allows: (1) the location of the different areas of parallel particles; (2) the calculation of the associated percentage; and (3) the calculation of a dissemination factor for the areas belonging to the same orientation type. The thresholding method gives a binary image in which parameters of particles (Po and P1) consisting of pixels of the same 0 or 1 value can be easily measured. Only the surface and the perimeter were retained for this work (Table 1 ). All the measures were made in pixels calculated in unit surface according to the scale of digitization. In these conditions, a 'monocrystalline' image gives only one optical particle (the total surface of the image). The twinned plagioclase gives parallel straight-band silled particles (Figs. 3e and 8a) . The digitized clay matrix gives more irregular silled particles: two clearly differentiated dominant areas in the case of clear bimodal distribution (Figs. 6c and 8b ) and numerous and smaller areas disseminated in the background in the case of patched matrix (Figs. 7c  and 8c ).
For each distribution mode thresholded from the grey-level diagram, the obtained binary image allows the calculation of isotropy factors of the P0 particles as (Table 1) : nPo: number of the Po particles; St: total surface of the Po particles; Pt: total perimeter of the Po particles; average So: particular average surface; average Po: particular average perimeter; ds: surface density = St/Si ; and dp: perimeter density = Pt/Si. Si is the total surface of the 768 • 512 digitized image = 393,220 pixels.
The quartz monocrystal gives only one 393,220 pixels particle (Si) with a surface density (ds) of 1.00 and a perimeter density (dp) of 0.0065 (Table 1 ). The twinned plagioclase gives 80 silled particles enclosing the twin bands and local isolated patches due to alteration features (Fig. 8a) average surface (average So) and perimeter (average P0) values are 2,179 and 680 pixels, respectively, which give a d s value of 0.44 and a dp value of 0.138 (Table 1) . The clay matrix composed of the two clearly differentiated modes gives a thresholded image clearly divided in two parts (Fig. 8b) . The measurements (two modes clay in Table 1 ) are treated: (1) as only one black particle (right part of the image); and (2) as the 117 disseminated black particles. The total surface St difference is small 276 x 103 and 301 x 103 pixels respectively, (8%). On the contrary the total perimeter Pt difference is large: 5.6x 103 to 14.8x 103 (62%). The two subparallel mode clay assembly (mixed mode clay in Table 1 ) displays 835 isolated particles for a 0.28 surface density and 0.133 perimeter density (Fig. 8c, Table 1 ).
Three dispersion types are characterized by the average So, average P0, dp, ds and nP0 calculations. These are monomineral quartz or monomineraHike mode; the medium disseminated distribution (twinned feldspar and clearly bimodal clay matrix -- Fig. 8a,b) ; and the largely disseminated distribution (two subparallel modes in the clay matrix -- Fig. 8c ). Sizes and shapes of the thresholded particles are partly represented by the average So and average P0 which evolve as 1/nPo. In fact, the surface and perimeter densities show inverse relations with the nP0 (Fig. 9a,b) ; minimum dp and maximum ds for the monocrystalline image and very high dp and low ds for the numerous disseminated particles. Thus the dp vs. ds diagram displays three characteristic domains: (1) the monocrystal domain characterized by ds around 1.00 and dp around 5 x 10 -3 (quartz).
(2) The bimodal domain characterized by two clearly separated modes: the clay matrix (b, b') and the twinned plagioclase (a). The b and b' domains describe the whole clay image (with both the large right particle and the disseminated small left particles, respectively; ds = 0.77, dp = 38 x 10 -3) The retained values are: nPo = number of threshold particles per image (768 x 512 pixels), St = sum of particle surfaces, Pt = sum of the perimeter particles, ds -surface density, dp= perimeter density, average particle surface = average So, average perimeter particle = average P0. Si = total surface of the 768 x 512 pixel image. All the values are given in pixels. and the only large right particle (ds = 0.70, dp = 14 x 103). The (a) domain characterizes the twinned plagioclase (ds = 0.44, dp = 138 x 10-3). (3) The two subparallel mixed modes domain (c) of small particles disseminated in the matrix which is characterized by small ds = 0.28 and high dp = 133 x 10 -3.
The ds may be considered a modal factor: ds <1.00 characterizes a plurimodal matrix and the percentage of the thresholded mode. The dp is an anisotropy factor which characterizes the disturbed shapes and dissemination of the thresholded particles.
3-D representation
It is assumed that the plane (2-D) representation is given by the simple thresholding stage. The 3-D representation needs the measurement of the ~ dip angle between the (001) plane and the axis perpendicular to the thin-section surface (Fig. lc) The ~ dip angle for each identified mode can be calculated from the displacement length (d) of the peak along the abscissa of the grey-level diagram (d = 255 x cos ~; Fig. lc) . The 3-D representation is given by plotting the measurements of the x-y orientation in the thin-section plane and of the ct angle in a stereographic (Wulff stereonet). The n angle used in the projection is measured by rotating the thin-section and the h angle is the complementary angle to ~ (Fig. 10) .
DISCUSSION AND CONCLUSIONS
The first conclusion of this work is the usefulness of the grey-level diagram analyses before all image analysis. The mathematical decomposition of these diagrams, which is the first treatment performed during the image digitization, allows us to:
(1) quantify the anisotropy of a mineralogical matrix; and (2) fit the thresholding stages before the area quantifications. Under the optical microscope, the measurement of the peak displacements in successive diagrams associated with successive rotating stage angles allow the 3-D representation of the mineralogical families in diagrams such as the Wulff stereonet (Fig. 8a,b,c) . Compared with the goniometer of texture method which is based on X-ray diffraction, this optical method needs only a camera and image analysis software added to the optical microscope. The advantages are to:
(1) associate quantitative and direct measurements with the petrographic observation; (2) fit the measurements with the different scales of observations on the successive microsites; (3) map the particle orientations on the observed surfaces. . Representation of (a) perimeter density dp vs. number of particles nPo; (b) surface density ds vs. number of particles nPo; and (c) perimeter density dp vs. surface density ds. The plotted values are: quartz = quartz monoerystal; b = combining of all thresholded particles in the clearly bimodal clay matrix; b' = only the large right thresholded particle of the clearly bimodal clay matrix; a = twinned plagioclase: and c = disseminated thresholded area in the subparallel. The main uses of this method are: (1) the petrography of clay matrix in the geomechanical and geotechnical domains with an analysis of the scale effect, macroscopy to microscopy, around the strain localizations induced by a stress state; (2) the analysis of the permeability and geotechnical properties of clay materials (Diamond, 1971; Foster & De, 1971; Arch & Maltman, 1990) ; and (3) the validation of the damage model and failure analysis in clay materials (Dragon et al., 1993 (Dragon et al., , 1994 . 
